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STUDIES ON THE ORIGIN AND SIGNIFICANCE OF BLOOD AMMONIA.
11. THE DISTRIBUTION OF AMMONIA IN WHOLE BLOOD,
PLASMA AND ERYTHROCYTES OF MAN**
Most investigators who have studied ammonia metabolism in liver disease
have measured the concentration of ammoniat in whole blood.1'° Only a
few authors have used the plasma ammonia concentration.ll" Recently,
several cation exchange techniques have been developed that measure the
ammonia concentration of plasma.1" There are several theoretical advan-
tages to the use of plasma which compensate for the additional step of
separating plasma from blood. First, the ammonia concentration remains
constant longer and increases more slowly in plasma than in whole
blood.` Second, the increments in ammonia concentration of whole blood,
which develop on standing, take place almost entirely within erythrocytes.t'
Finally, the use of cation exchange resins, which cannot be applied satis-
factorily to the measurement of ammonia in whole blood, permits quanti-
tation of the preformed or "true" ammonia concentration in plasma,"8
rather than the "alkali-labile" ammonia measured by alkalinization methods
which include ammonia derived from the alkaline hydrolysis of nitrogenous
components of blood or plasma.'"89
Despite the use of plasma ammonia levels by some investigators and the
development of numerous cation exchange methods for the measurement
of ammonia in plasma, there are few data in the literature correlating whole
blood and plasma ammonia concentrations. Seligson and Hirahara reported
that the ammonia concentration of erythrocytes was two or three times as
high as plasma and that the ammonia concentration of whole blood was
almost twice as high as plasma.8 Humoller and his colleagues, in 21 normal
subjects and 12 cirrhotic patients, found the ammonia concentration of
* Associate Professor of Medicine.
** Supported in part by a grant from the Stratfield Fund.
t Although ammonia exists almost completely as ammonium ion at the pH of normal
blood, the term ammonia is used to refer to the total ammonia-ammonium level.
t The increments in the ammonia concentration of whole blood which occur after
anticoagulation with potassium oxalate or sodium fluoride:' has been shown in unpub-
lished studies in this laboratory to occur almost completely in erythrocytes.
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erythrocytes to be less than one and one-half times as high as plasma
ammonia levels over a wide range of ammonia values.' Jacquez and Parnas
and their colleagues reported higher ammonia concentrations in whole
blood than in plasma." Ternberg and Hershey, however, found the con-
centration of ammonia to be similar in whole blood and plasma of eight
normal subjects.' The total number of patients with liver disease in which
simultaneous whole blood and plasma ammonia concentrations have been
reported does not exceed 25. None of these authors has related the dis-
tribution of ammonia in plasma and erythrocytes to hematocrit, ammonia
concentration, or to other clinical variables.
The present investigation was undertaken to compare and correlate the
ammonia concentrations of whole blood, plasma and erythrocytes in a
variety of clinical situations.
METHODS AND MATERIALS
Five hundred analyses of blood and plasma ammonia concentration were performed
in 350 patients at the West Haven Veterans Administration Hospital between July
1961 and February 1965. Twenty determinations were performed in normal subjects or
patients without evidence of liver disease who were convalescent from other disorders
not known to affect blood ammonia levels (Control Group). Three hundred forty-
seven of the analyses were performed in the clinical evaluation of liver disease, pri-
marily alcoholic cirrhosis and portal-systemic encephalopathy. In 133 patients the
determinations were carried out during the performance of ammonia tolerance tests."
Approximately 60 per cent of the analyses, including all of the ammonia tolerance
tests, were performed on arterial blood, and the remainder on venous blood.
All determinations were performed in duplicate using the blood ammonia method
of Seligson and Hirahara.'" Blood was drawn without stasis into cold syringes, the
barrels of which had been wetted with dilute heparin solution (Liquaemin,® 10 mg.
per ml.). Immediately after withdrawal, blood was transferred to cold test tubes and
centrifuged at 3,000 r.p.m. for 10 minutes in a refrigerated centrifuge. Plasma was
removed by aspiration and analyzed simultaneously with whole blood which had
been kept refrigerated (40 C.) from the time of withdrawal until analysis. Analyses
were performed within 20 minutes of shedding of blood.
The ammonia concentration of erythrocytes was calculated according to the formula:
NHaF NHSB - [(1-h) (NHsp)]
where NHs, is the ammonia concentration of erythrocytes in ug NH8 N per 100 ml.;
NHSB is the ammonia concentration of whole blood in jg NH8 N per 100 ml.;
NHsp is the ammonia concentration of plasma in pg NHs N per 100 ml.; and
h is the hematocrit.
The ammonia content of plasma, which is represented by the formula [(1 -h)
(NH8p1)], and the ammonia content of erythrocytes, which is represented by the
formula, NH8B - [(1 h) (NHsP1)], both of which are expressed in ug NH8 N
per 100 ml. whole blood, together equal the ammonia concentration of whole blood.
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The whole blood-plasma ammonia difference represents the ammonia in the red
cells and is calculated as follows: NHaB- NH3p. It does not represent either the
ammonia concentration of erythrocytes or the ammonia content of erythrocytes, both
of which are dependent on the hematocrit. The whole blood-plasma ammonia differ-
ence is of importance in comparing the clinical usefulness of whole blood and plasma
ammonia concentrations. Sample calculations and graphic representations of these
compartments are shown in Figure 1.
In order to compare the relative ammonia concentrations of plasma and erythro-
cytes in blood specimens of varying ammonia concentration, the ratio (R) of erythro-
cyte ammonia concentration to plasma ammonia concentration was calculated as
follows (Fig. 1): NHaE
R
NHsp
In order to compare the relative content of ammonia in plasma and erythrocytes in
blood specimens with differing hematocrit levels, the percentage (P) of ammonia in
erythrocytes expressed as per cent of the ammonia concentration of whole blood was
calculated as follows (Fig. 1):
ammonia content of erythrocytes X 100
NH8B
Hematocrits were measured in duplicate by a micro-capillary technique (Inter-
national).
RESULTS
General observations. The mean blood ammonia concentration for the
entire group of 500 analyses was 182 ,ug per 100 ml. and ranged from 67
to 585 (Table 1).* The mean ammonia concentration of plasma was 136 ug
per 100 ml. and ranged from 30 to 530. The mean erythrocyte ammonia
concentration was 258 jg per 100 ml. and ranged from 88 to 685.
* The wide range of blood ammonia values render standard deviations for the
ammonia concentrations of whole blood, plasma and erythrocytes meaningless and
consequently, only the means are presented. Standard deviations are presented for the
control group and for the erythrocyte: plasma ammonia ratio (R) and the percentage
of ammonia in erythrocytes (P).
FIG. 1. Sample calculations. The erythrocyte ammonia concentration is calculated
for a blood specimen with whole blood and plasma ammonia concentrations of 100
and 50 pg per 100 ml., respectively, and an hematocrit of 45%. The relationship of
plasma and erythrocyte ammonia concentrations and contents to the ammonia concen-
tration of whole blood are depicted. The ratio (R) of erythrocyte to plasma ammonia
concentration is calculated as follows: R = NHE =11 -322. The percentage (P)
of the blood ammonia found in erythrocytes is calculated as follows: P -
ammonia content of erythrocytes 72.5
NHSB - x 100 = 72.5%. The whole blood-plasma
ammonia difference is calculated as follows: NHSB - NH8p = 100 - 50 = 50 pg
per 100 ml.
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Correlation between whole blood and plasma ammonia concentration.
The ammonia concentrations of whole blood and plasma showed a highly
significant linear correlation (Fig. 2). Positive correlations were also ob-
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FIG. 2. Correlation of ammonia concentration of whole blood and plasma. The
coefficient of correlation is + 0.941.
served between the ammonia concentrations of whole blood and erythrocytes
and betweenplasmaand erythrocytes. The latter correlations, however, were
less close than between whole blood and plasma because the concentration
of ammonia in erythrocytes was dependent to a great extent on the
hematocrit.
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The whole blood-plasma ammonia difference averaged 46 + 17 ,ug per
100 ml. for the whole group. In normal subjects the mean difference was
56. The whole blood-plasma ammonia difference decreased as the hematocrit
fell (Table 2). Conversely, it increased as the blood ammonia level rose
TABLE 2. EFFECT OF ANEMIA AND BLOOD AMMONIA CONCENTRATION ON
WHOLE BLOOD-PLASMA NHS DIFFERENCE
Ammonia concentration
Whole
blood-
plasma
Whole differ-
Group No. blood Plasma ence Hematocrit
(Mean in ,ug NHs N (Mean
per 100 ml.) in per cent)
Control 20 118 62 56 45.1
Severe anemia* 58 185 144 41 27.2
Moderate anemia** 375 182 136 46 38.2
Normalt 67 183 130 53 49.1
Normal blood ammonia in patients
with liver disease: 171 123 82 41 36.3
Elevated blood ammonia in patients
with liver diseaset 176 206 157 49 37.9
Normal ammonia tolerance: 53 119 76 43 41.5
Abnormal ammonia tolerancet 80 316 266 50 40.3
* Hematocrit < 31 per cent.
* Hematocrit 31 to 45 per cent.
t Hematocrit > 45 per cent.
4: Upper limit of normal: 150 jug NH3 N per 100 ml.
(Table 2). These effects, however, were small and do not seriously detract
from the clinical value of plasma ammonia determinations.
The effect of hematocrit. Fifty-eight blood specimens with hematocrits of
0.30 or less (anemic group) were compared with 67 with hematocrit values
greater than 0.45 (nonanemic group). The ammonia concentration of
whole blood was similar in both groups (Table 1, Fig. 3). In the anemic
group, however, the erythrocyte ammonia concentration of whole blood
was much higher than in nonanemic blood, and the plasma ammonia con-
centration of anemic blood was slightly higher than that of nonanemic
blood. The greater increase in red cell ammonia concentration in anemia
was reflected by the higher ratio (R) of erythrocyte: plasma ammonia
44
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concentrations in the anemic group (p < 0.05). Despite this increase in
ammonia concentration of red cells in anemic blood, the ammonia content
of the erythrocytes constituted a smaller percentage (46%) of the ammonia
content of whole blood than in the nonanemic group (66%) (p < 0.001).
These data show that the concentration of ammonia in erythrocytes in-
creases in anemia.
Arterial vs. venous blood. The distribution of ammonia between plasma
and erythrocytes was compared in 156 arterial and 211 venous blood
DISTRIBUTION OF AMMONIA IN PLASMA AND ERYTNROCYTES
400
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j 0
NHo N14 M2 2
CONTROL ANEMIC NONANEMIC ARTERIAL VENOUS
GROUP GROUP GROUP GROUP GROUP
WHOlE °LOOD F_LJ PLASMA CONTENT PLASMA CONC.
R MRC CONTENT XRIC CONC.
FIG. 3. Distribution of ammonia in plasma and erythrocytes. (See legend for
Figure 1.)
specimens (Table 1, Fig. 3). The mean arterial ammonia concentration
was 178 jug per 100 ml. and the mean venous ammonia concentration 151.
Although the ammonia concentrations of venous plasma and erythrocytes
were lower than arterial levels, the erythrocyte: plasma ammonia ratio (R)
was higher in venous than in arterial blood (p < .001, unpaired "t" test).
The percentage (P) of ammonia in erythrocytes, however, was not sig-
nificantly higher in venous than in arterial blood. These data demonstrate
a disproportionate increase in ammonia concentration of plasma in patients
with elevated blood ammonia levels.
The distribution of ammonia between plasma and erythrocytes in various
clinical situations is presented in Table 3.
Control group. In 20 control subjects the mean ammonia concentration
of whole blood, which was based on 15 arterial and 5 venous specimens,
was 118,g per 100 ml. The ammonia concentration of plasma and erythro-
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cytes was 62 and 187 ,ug per 100 ml., respectively (Fig. 4). This mean
value for normal blood ammonia is slightly higher than mean levels previ-
ously observed in this laboratory, but well within the normal range for
this method.8"28' Normally, the ammonia concentration of erythrocytes
was approximately three times that of plasma and the ammonia concen-
tration of plasma was approximately one-half that of whole blood. Almost
three-fourths of the ammonia in whole blood was found in the erythrocytes
(P 72 -+ 6o).
DISTRIBUTION Or AMMONIA IN VARIOUS CLINICAL SITUATIONS
400
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FIG. 4. Distribution of ammonia in various clinical situations. (See legend for
Figure 1.)
Liver disease. Blood ammonia determinations were performed on 347
occasions in patients with liver disease, excluding ammonia tolerance tests.
The liver disease group exhibited higher ammonia concentrations of whole
blood, plasma, and erythrocytes, lower erythrocyte: plasma ratio (R) than
the control group and a lower percentage (P) of ammonia in erythrocytes
than the control group (all differences p < 0.001) (Fig. 4).
In 171 of these analyses the blood ammonia concentration was considered
normal (<150 jug per 100 ml.) and in 176 it was elevated. The hematocrits
in these two subgroups were similar. Although the ammonia concentration
of both plasma and erythrocytes was higher in patients with elevated
ammonia levels, the erythrocyte: plasma ammonia ratio (R) was signifi-
cantly higher in patients with normal ammonia levels (p < 0.001) (Table 2,
Fig. 4). The percentage (P) of ammonia in erythrocytes was also signifi-
cantly higher in patients with elevated ammonia levels (p < 0.001). These
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findings emphasize the disproportionate increase in the ammonia concen-
tration of plasma in patients with elevated blood ammonia levels.
Although the mean ammonia concentration of whole blood in patients
with liver disease and normal blood ammonia levels was similar to that in
the control group, patients with liver disease had higher plasma ammonia
levels. These differences are shown by the higher erythrocyte: plasma
ratio (R) and the higher percentage (P) of ammonia in erythrocytes in
the control group (both p < 0.001).
Ammonia tolerance tests. Blood ammonia determinations were performed
on arterial blood in 133 patients 45 minutes after the oral ingestion of
three grams of ammonium chloride.' In 53 patients, most of whom had
mild cirrhosis, the ammonia tolerance tests were considered normal (blood
ammonia < 150 jug per 100 ml.), and in 80 they were considered abnormal
(>150 ug. per 100 ml.). The mean hematocrits in these two subgroups
were similar. The ammonia concentrations of whole blood, plasma, and red
cells were higher in the group with abnormal tests (Table 2, Fig. 4). The
most impressive difference between the subgroups was the relatively large
increase in the plasma ammonia concentration in the abnormal group,
which was reflected in the lower erythrocyte: plasma ammonia ratio (R)
and the lower percentage (P) of ammonia in erythrocytes in the patients
with abnormal ammonia tolerance (both p < 0.001).
Comparison of the patients with abnormal ammonia tolerance and those
with spontaneously elevated blood ammonia levels showed that these groups
were qualitatively similar. All values in the group with normal ammonia
tolerance tests were similar to those in liver disease patients with normal
blood ammonia levels. It would thus appear that elevations in blood am-
monia concentration, whether developing spontaneously or after the admin-
istration of ammonium salts, resulted in a disproportionate increase in
plasma ammonia concentration. Furthermore, the increase in plasma am-
monia levels appeared directly related to the magnitude of the increase in
blood ammonia concentration.
Distribution of ammonia at various blood ammonia levels in the same
patient. Twenty-seven analyses were performed during a 2-month period
on the arterial blood of J.G., a 47 year old patient with Laennec's cirrhosis
and portal-systemic encephalopathy. These analyses were performed during
a therapeutic program which consisted of variations in the quantity of
dietary protein, and the administration of neomycin, cathartics, and cation
exchange resins. The blood ammonia levels, which fluctuated widely,
generally paralleled the clinical state. The relatively constant relationship
between the ammonia concentration of whole blood, plasma, and erythro-
48
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cytes is shown in Fig. 5. The erythrocyte: plasma ammonia ratio (R) and
the percentage (P) of ammonia in erythrocytes remained reasonably con-
stant despite small variations in hematocrit. These data demonstrate the
clinical consistency of the ammonia concentrations of whole blood and
plasma.
J.G.
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FIG. 5. Serial determinations of ammonia concentration of whole blood, plasma, and
erythrocytes in the same patient. The plasma and erythrocyte ammonia levels paral-
leled closely the ammonia concentration of whole blood. Despite wide fluctuations in
ammonia concentration, the erythrocyte: plasma ammonia ratio (R) and the percen-
tage (P) of ammonia in erythrocytes remained relatively constant. The hematocrit
gradually decreased during this period.
DISCUSSION
The plasma ammonia concentration paralleled the blood ammonia concen-
tration over a wide range of values in normal subjects and in patients with
liver disease (Fig. 2). These data indicate that the plasma ammonia level
can be used clinically as a reliable reflection of the ammonia concentration
of whole blood. The normal range of plasma ammonia concentration is
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62 + 12 ,ug per 100 ml. If desired, the approximate ammonia concentration
of whole blood can be calculated from the plasma ammonia concentration
NH3p +31
by applying the following formula: NH3B= 0.915 . The effects of
anemia and elevated ammonia concentration on the relationship of whole
blood and plasma ammonia concentrations are small and can be ignored for
clinical purposes.
The relationship of ammonia levels of whole blood and plasma in the
present series confirmed and extended the small numbers of observations
reported by Seligson8 and Jacquez13 and their colleagues. Our findings dis-
agreed with those of Ternberg and Hershey who found no consistent
relationship between the ammonia concentrations of whole blood and
plasma.22 Although Humoller, et al.'* noted a positive correlation between
theammoniaconcentration of whole blood and plasma (NH3p=0.85NHB3),
they found a lower blood: plasma ammonia ratio. It is probable that these
differences represented differences in the analytic techniques employed.
The distribution of ammonia between plasma and red cells was shown in
this investigation to be influenced significantly by the red cell volume and
by the ammonia concentration. Each of these observations merits further
discussion.
Although the erythrocyte ammonia content decreased as the red cell
volume decreased, paradoxically, the concentration of ammonia in erythro-
cytes increased. The explanation of this phenomenon is not clear. Since the
erythrocyte ammonia concentration was not measured directly, but was
calculated from the hematocrit and the ammonia concentrations of whole
blood and plasma, it is conceivable that the increase in erythrocyte ammonia
concentration represents an artifact resulting from unequal recovery of
ammonia from plasma and erythrocytes. No such artifact was observed,
however, when direct measurements of ammonia in erythrocytes were con-
pared with indirect measurements in both anemic and nonanemic patients.*8
It is conceivable that some unknown homeostatic mechanism, in compensa-
tion for reduced red cell mass, results in an increased ammonia concen-
tration of erythrocytes. Finally, it is possible that metabolic changes that
* The data of Humoller, et al., which were presented in terms of water content of
plasma and erythrocytes, were corrected for water content of plasma and erythrocytes
of 89.8% and 61.5% respectively." Calculation of the ammonia concentration of
plasma and erythrocytes in terms of plasma and erythrocyte water increases the
erythrocyte: plasma ammonia ratio (R) and the percentage (P) of NH8 in erythro-
cytes. Since this terminology is unfamiliar to most readers and offered no advantages
in interpretation, our data were not presented in these terms.
SO
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accompany anemia, such as alterations in intra-erythrocytic pH, may
account for these effects.'
As blood ammonia levels increased, the ammonia concentration of both
plasma and red cells increased. The rise in plasma ammonia concentration,
however, appeared to be greater than the increase in erythrocyte ammonia
concentration as shown by the decreased erythrocyte:plasma ammonia
ratio (R) (Table 3). This phenomenon was observed both in spontane-
ously elevated ammonia levels and in high values induced by the adminis-
tration of ammonium salts. What is the explanation for this phenomenon?
Such variations in plasma ammonia concentration may be explained by the
central position of plasma in the absorption of ammonia from intestine,
kidney and other tissues, its transport, and its removal by liver, central
nervous and peripheral tissues. It would thus be expected that the plasma
ammonia concentration of portal venous blood, which has absorbed am-
monia from the intestine, would be disproportionately higher than the
plasma ammonia concentration of hepatic venous blood from which am-
monia has been removed by the liver. Similarly, one might expect the
plasma ammonia concentration of arterial blood to be higher than that of
venous blood from which large quantities of ammonia have been removed
by the peripheral tissues.`~This hypothesis is supported by the demonstra-
tion in this study that in arterial blood the plasma ammonia concentration
was greater than the plasma ammonia concentration of venous blood. An
alternative explanation is suggested by the observation that the increments
in ammonia content of plasma and erythrocytes are roughly proportional
to the plasma volume and hematocrit respectively. This hypothesis implies
that the increment in ammonia is distributed uniformly between plasma
and red cells, resulting in the phenomena observed, i.e., when equal amounts
are added to the numerator and denominator the ratio changes. Finally,
it is conceivable that alterations in the pH gradient between plasma and
erythrocytes may account for these changes.
Although the plasma ammonia concentration can be used reliably as an
index of the ammonia concentration of whole blood, study of the variables
that affect this relationship may provide further information about ammonia
metabolism and membrane transport.
SUMMARY
Five hundred simultaneous analyses of the ammonia concentration of
whole blood and plasma have been performed and the ammonia concen-
*Equal recovery of erythrocyte ammonia by direct and indirect measurement has
also been demonstrated in this laboratory.
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tration of erythrocytes calculated. Normal plasma, erythrocyte, and whole
blood ammonia concentrations averaged 62, 187, and 118 ,ug NH3 N per
100 ml., respectively. Plasma ammonia concentration paralleled the whole
blood ammonia concentration closely over a wide range of ammonia levels.
This relationship, however, was influenced by variations in ammonia con-
centration and hematocrit. In patients with elevated blood ammonia levels
a disproportionate increase in plasma ammonia concentration was observed.
In anemic patients the ammonia concentration of the erythrocytes was sig-
nificantly higher than in normal subjects. These effects, which are of
theoretical interest, do not detract from the clinical value of the plasma
ammonia determination.
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